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Abstract 
A method, called class multiple signal classification (CMUSIC), is proposed to estimate high-resolution radial velocity in each 
pulse train (subband, i.e. narrowband) with M pulses based on stepped frequency pulse trains (SFPTs) signal. A synthetic 
ultra-wideband (UWB) high-resolution range profile (HRRP) is then obtained by fast Fourier transform (FFT) processing along 
the subbands after compensating the range-Doppler coupling and Doppler dispersion with the estimated velocity. Compared with 
the other methods, CMUSIC has fine performance of velocity estimation at low signal-to-noise ratio (SNR) level. This method 
also has excellent performance with small M as long as the requirement, i.e. M is large than Q, is able to be fulfilled, where Q is 
the number of targets with different radial velocities. In addition, through a radial velocity resolving, the method can be well 
suitable for targets moving at high radial velocities, which has significant practical value with considerable progress made in the 
national defence technology and the advanced vehicles moving at high speed springing up. Simulation results demonstrate the 
feasibility and effectiveness of the method. 
Keywords: synthetic HRRP; SFPTs; CMUSIC; range-Doppler coupling; ambiguity resolution  
1. Introduction1 
Ultra-wideband (UWB) radar, whose fractional 
bandwidth is larger than 25% [1], usually possesses 
high-resolution range profile (HRRP). Since its instant 
bandwidth is UWB, narrowband radar operated on 
instant narrowband does not apply to the UWB signal 
any more. Thus, a stepped frequency (SF) signal is 
exploited in the narrowband radar [2-5] to synthesize 
HRRP via transmitting a train of narrowband pulses, 
whose frequencies are stepped with constant value.  
However, the SF radar can hardly calculate the radial 
velocity of moving target directly [6]. Hence, in Ref. [6], 
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a stepped frequency pulse trains (SFPTs) signal, having 
multiple trains with SF among them, is utilized to 
directly get the radial velocity through one dimensional 
(1-D) fast Fourier transform (FFT) in each subband, 
and then to synthesize UWB range profile by 1-D 
inverse fast Fourier transform (IFFT) processing along 
the subbands. This signal is able to resolve multiple 
targets locating at the same range resolution cell but 
moving at different radial velocities. However, the 
range profile synthesized by the signal is very sensible 
to the estimated velocity errors, i.e., the quantized 
compensation esrrors (QCEs) can result in deleterious 
effects on synthetic HRRP. An iterative dimidiate 
approach (IDA) method is employed in Ref. [7] to 
discuss the influences of the range-Doppler coupling [6], 
Doppler dispersion [8-9] and the QCEs on the estimated 
radial velocity and synthetic HRRP. However, the 
ambiguity resolution of radial velocity is not taken into 
account for fast-moving targets in Refs. [6]-[7]. The 
ambiguity resolution has substantial practical value Open access under CC BY-NC-ND license.
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with the advanced vehicles moving at high speed spr- 
inging up, such as unmanned X-37B orbital test vehicle 
and the intercontinental ballistic missiles, etc.  
In this paper, we propose an alternative method, 
called class multiple signal classification (CMUSIC), 
to yield high-resolution radial velocity based on the 
isomorphic relationship between the radial velocity of 
moving target in the SFPTs radar and direction of 
arrival (DOA) estimation in array. This relationship is 
analogous with that between pulsed-wave Doppler 
ultrasound applied to clinical diagnosis and DOA of 
array described in Refs. [10]-[11]. CMUSIC method 
makes full use of the inherent advantages of multiple 
signal classification (MUSIC) to estimate high-resolu- 
tion radial velocity. Then, a compensatory processing is 
performed with the estimated velocity in order to 
synthesize a UWB HRRP, on which the deleterious 
effects of the QCEs can be neglected. Compared to 1-D 
FFT [6] and IDA [7], CMUSIC can maintain fine 
performance at low signal-to-noise ratio (SNR) level. 
Besides, this proposed method largely outperforms 
them with M pulses in each subband as long as the 
condition M>Q can be satisfied, where Q is the number 
of targets with different radial velocities. Consequently, 
this method saves the beam dwell time of transmitting 
antenna. By the processing of radial-velocity ambiguity 
resolution, the method can also be applied to moving 
targets with high radial velocities. 
2. SFPTs Signal Model and Analysis of QCEs 
Assuming that the carrier frequency of SFPTs is f0 in 
the first subband with M pulses, whose pulse width 
denotes τ and pulse repeat interval (PRI) indicates Tp. 
The stepped value among N subbands indicates Δf in 
frequency domain. Thus, coherent processing interval 
(CPI) of SFPTs signal denotes Ts=MTp. Figure 1 shows 
the schematic diagram of SFPTs signal. 
 
Fig. 1  Schematic diagram of SFPTs signal. 
The SFPTs signal transmitted by a narrowband radar 
transmitter can be assumed to be 
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where A is the amplitude of the transmitted signal, fn 
equals f0+nΔf and rect(·) is a rectangle function whose 
time width is τ. Hence, the echo signal scattered by a 
target moving at a radial velocity v in each subband (i.e. 
narrowband) can be expressed by [6-7] 
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where A′ denotes the amplitude of the echo, td equaling 
to 2(R0+vt)/c is time delay, R0 indicates the initial slant 
distance between the radar and target, and c means the 
light speed. After mixing with the reference signal in 
Eq. (1) and sampling with t =mTp +nTs, the baseband 
signal can be given by 
,
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where θn,m=2π fn[T0+2v(mTp+nTs)/c] and T0=2R0/c.  
Consequently, θn,m can be further expanded as 
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where θ0 is constant, θr (n) denotes range profile of a 
target, θrd (n) indicates a range-Doppler coupling 
resulting in distortion of the synthetic range profile, 
θd (m) means Doppler of moving target, θds (n, m) is 
Doppler dispersion due to the SF among subbands 
which also causes bad influences on the range profile. 
Since the maximum error between the calculated 
radial velocity v%  using 1-D FFT in a subband [6] and 
the corresponding true velocity v is max v v− % ≤Δv/2, 
where the radial velocity resolution Δv=v0/M and 
v0=λ0/(2Tp)=c/(2f0Tp), θrd (n) in Eq. (4) can be rewritten 
as rd ( )nθ% by substituting v for v%  in rd ( )nθ : 
rd rd 0( ) ( ) /n n n n n f fθ θ− ≤ π + π Δ% ·      (5) 
Hence, rd rdj( ( ) ( ))e n nθ θ− %  can be carried out by using IFFT 
processing to illustrate the effect of the QCEs shown in 
Eq. (5) on the synthetic range profile, as follows: 
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From Eq. (6), we observe that the number of range 
resolution cells, moved by a target along range 
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dimension, due to the maximum QCEs is 
round( / 2)L N=              (7) 
where round (·) denotes rounding the number up to the 
nearest integer. Therefore, we conclude that it is vital to 
improve the precision of calculated radial velocity for 
skipping the impacts of the QCEs on the range profile. 
3. High-resolution Radial Velocity Estimation Using 
CMUSIC and Radial Velocity Ambiguity Resolu- 
tion 
3.1. Radial velocity estimation using CMUSIC 
The time delay τSFPTs between the two consecutive 
echoes in SFPTs radar and the time delay τDOA of rece- 
ived signals between the two consecutive array elements 
can be expressed respectively by [10] 
p
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2vT
c
τ =                 (8) 
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sind
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where d is the distance between two consecutive array 
elements, and θ the DOA of array. Equations (8)-(9) 
refer to two isomorphic problems. Furthermore, v in 
Eq. (8) is equivalent in concept to θ in Eq. (9) (Tp 
corresponds to d). Therefore, the high-resolution DOA 
estimation methods can be applied to velocity 
estimation of moving target in the radar system. The 
analogous parameters between the array and SFPTs 
radar are shown in Table 1 [10]. 
Table 1 Comparison of analogous parameters in SFPTs 
radar and DOA estimation in array 
SEPTs radar DOA 
c c 
Tp d 
Pulse repetition interval Distance between the two consecutive array elements 
v Sin θ 
Radial velocity 
(for estimating) 
Direction of arrival 
(for estimating) 
From this table, we can find that the high-resolution 
DOA estimation methods for narrowband signal can be 
also applied to velocity estimation of moving target, 
which offers a new method for the pulse radar system. 
The velocity vector of the radar corresponding to the 
manifold vector in array can be defined as 
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where λn denotes the wave length at fn. Assume the 
signals scattered by moving targets with different radial 
velocities are not correlated. Then, the high-resolution 
radial velocity can be estimated by [12-13] 
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where Q<M, (·)H means Hermitian, and un denotes 
noise eigenvectors. The estimated radial velocity is to 
find PCMUSIC local maxima through performing a 1-D 
search. 
3.2. Synthesizing high-resolution range profile 
According to θrd (n) and θds (n, m) of Eq. (4) and the 
radial high-resolution velocity vˆ  estimated by Eq. 
(11), we can get the corresponding phase compensation 
factors, as follows: 
( )compe s pˆ ˆ2 2 / 2 /nvf nT c vn f c mTθ ⎡ ⎤= π + Δ =⎣ ⎦·  
s pˆ(4 / )( )nv c f T f T m nπ + Δ          (12) 
Then, Eq. (3), compensated with θcompe in Eq. (12), can 
be rewritten by 
compej
0 0R( , ) ( , ) eS n m S n m
θ−′ = ·       (13) 
Hence, a synthetic UWB HRRP can be achieved by 
implementing 1-D FFT on Eq. (13) along the subbands 
of SFPTs signal. Since a tangential velocity and radial 
one for a moving target are orthogonal, the former 
hardly causes motion and spread of the synthetic HRRP 
along range dimension. The tangential velocity is 
skipped when 1-D range profile is focused. 
3.3. Radial velocity ambiguity resolution 
For SFPTs signal with constant PRI in each subband 
and the radial velocity v and v′satisfying v>v′≥0, if the 
velocities are ambiguous, the relationship between the 
two corresponding phases can be mathematically 
expressed according to Eq. (10): 
p pj4 j4
e en n
vT v T
λ λ
′− π − π=             (14) 
Thus, the maximum unambiguous velocity is able to be 
derived from Eq. (14): 
u, max
p p2 2
n
n
cv
T T f
λ= =           (15) 
From Eq. (15), we can easily find that the radar exists 
in velocity ambiguity for a target whose radial velocity 
is larger than vu,max. Hence, it is significant to resolve 
ambiguity of the radial velocity. 
Assume that the maximum unambiguous radial velo- 
cities in the nth subband corresponding to fn and n′th 
subband corresponding to fn′ can be denoted as vu,max= 
c/(2Tp  fn) and v′u,max=c/(2Tp fn′) according to Eq. (15), 
respectively. Therefore, it is obvious that the signal in 
different subbands has different maximum ambiguity 
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velocities. In other words, if the radial velocity exceeds 
max(vu,max, v′u,max), the estimated velocities in the two 
different subbands locate at different velocity resolu- 
tion cells, which provides a scheme for radial velocity 
ambiguity resolution peculiar to SFPTs signal [14]. This 
scheme is different from the conventional velocity am- 
biguity resolution based on stagger PRI. Figure 2 
depicts the signal processing flow of radial velocity 
estimation and synthetic UWB radar range profile. 
 
Fig. 2 Signal processing flow of radial velocity estimation 
and synthetic UWB radar range profile. 
4. Simulation Results 
The corresponding requirement and selection of the 
radar system parameters can be seen in Refs. [6]-[7]. 
Assume that the frequency f0 in the first subband is 
1 GHz, the number of pulse trains N is 32. The SF 
between the two consecutive subbands is Δf = 10 MHz. 
The number M of pulses and pulse repetition frequency 
(PRF) fr in a subband are 64 and 5 000 Hz, respectively. 
Hence, the range resolution is expressed as ΔR=c/ 
(2N·Δf ) ≈ 0.47 m, the maximum unambiguous velocity 
in the first subband vu,max= fr λ0/2 = 750 m/s and the 
velocity resolution Δv=vu,max /M=11.718 75 m/s. Let a 
target, which is a rigid body moving at constant 
velocity in the beam dwell time of the transmitting 
antenna, have three scattering centers being at R0+9ΔR, 
R0+11ΔR and R0+ 13ΔR, respectively, where R0=10 km 
and their ratio of amplitudes is 3︰5︰4. Suppose that 
the received additive noise is Gaussian complex 
random process with zero mean and the SNR is 25 dB.   
Figure 3 depicts the comparison of synthetic range 
profiles using SFPTs signal in the case of different 
radial velocities being 0 m/s, 3 m/s and 30 m/s, respect- 
tively. From Fig. 3, we can observe that the increasing 
velocities result in deleterious effects on the synthetic 
UWB range profiles having both moving and spread 
along range dimension due to the range-Doppler coup- 
ling and Doppler dispersion, coinciding with Eq. (3) 
and Eq. (4). The performance degradation of the synth- 
etic range profiles is hardly conducive to target detec- 
tion and identification. Thus, the compensation of 
range-Doppler coupling and Doppler dispersion shown 
in Fig. 4 is necessary. In Fig. 4, the radial velocities are 
assumed to be v1 (17.578 2 m/s, i.e., Δv+Δv/2), v2 
(238.282 3 m/s, i.e., 20Δv+Δv/3) and v3 (353.907 8 m/s,  
i.e., 30Δv+Δv/5), respectively. Figure 4 demonstrates 
that the range profiles are greatly improved after com- 
pensating them with the calculated velocities attained 
by 1-D FFT in a subband compared with Fig. 3. The 
error of estimated velocity causes the QCEs, however, 
the range profiles still exist in moving and slight 
distortion, which is consistent with Eqs. (5)-(7). From 
the radial velocities, we further see that the target 
moving at v1 has the worst range profile, for it has the 
maximum velocity error Δv/2. Thus, it is indispensable 
to improve the precision of estimated radial velocity to 
yield a synthetic HRRP, on which the influences of 
QCEs can be skipped. 
 
Fig. 3 Comparison of synthetic range profiles acquired 
using the SFPTs signal for the three targets whose 
radial velocities are 0 m/s, 3 m/s, 30 m/s, respectively.   
 
Fig. 4 Comparison of synthetic range profiles after com- 
pensating them with the estimated velocities obtained 
using 1-D FFT for the targets moving at v1, v2 and v3. 
Table 2 illustrates the comparison of the radial 
velocities estimated by 1-D FFT, IDA and CMUSIC, 
respectively. From Table 4, we can see that the velocity 
got by 1-D FFT has the worst accuracy. Hence, the 
corresponding QCEs cannot be neglected after the 
compensation processing, which still results in adverse 
effects on the synthetic range profile being similar to 
Fig. 4. Compared with the IDA, CMUSIC is capable of 
achieving better performance of estimated velocity in 
the same simulation condition, which is very suitable 
for synthesizing HRRP.  
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Table 2 Comparison of calculated radial velocities estim- 
ated by 1-D FFT, IDA and CMUSIC, respectively 
Unit: m/s 
1-D FFT IDA CMUSIC True radial 
velocity CV AE CV AE CV AE 
 15.000 0 11.718 8 3.281 2 14.831 5 0.168 5 14.996 8 0.003 2
 60.000 0 58.593 8 1.406 2 59.875 5 0.124 5 60.000 0 0     
150.000 0 152.343 8 2.343 8 149.963 4 0.036 6 150.000 0 0     
300.000 0 304.687 5 4.687 5 299.926 8 0.073 2 299.997 3 0.003 7
600.000 0 597.656 3 2.343 7 599.853 5 0.146 5 600.004 0 0.004 0
Note: CV indicated calculated radial velocity; AE indicates absplute error 
of radial velocity. 
Table 3 shows the comparison of estimated radial 
velocities before and after radial-velocity ambiguity 
resolution for targets with high radial velocities. Table 
3 illustrates that the velocity estimated by CMUSIC has 
serious ambiguity when the radial velocity of moving 
target exceeds the maximum unambiguous velocity 
vu,max. Hence, the processing of ambiguity resolution is 
essential to the moving target with high radial velocity. 
After the ambiguity resolving, CMUSIC can achieve 
high precision estimated velocities shown in Table 3. 
Therefore, CMUSIC appending the processing of am- 
biguity resolving expands the scope of its application to 
synthesizing UWB HRRP based on SFPTs signal, 
which has high practical value. 
Table 3 Comparison of estimated velocities before and 
after radial velocity resolving for high radial-velo- 
city moving targets 
                                   Unit: m/s 
True radial 
velocity 
Before ambiguity 
resolving 
After ambiguity 
resolving 
800.000 0 49.987 8 800.002 1 
1 600.000 0 100.004 0 1 599.997 0 
3 200.000 0 200.002 5 3 199.996 0 
4 000.000 0 250.000 0 4 000.001 3 
5 000.000 0 499.996 0 5 000.004 0 
Finally, 100 Monte Carlo trials are further executed 
to compare the statistic performance of velocity 
estimation for 1-D FFT, IDA and CMUSIC. The root 
mean square error (RMSE) of the estimate is [15-16] 
100
2
1 1
1 ˆRMSE ( ( ) )
100
Q
q q
i q
v i v
Q = =
= −∑∑     (16) 
where ˆ ( )qv i is the estimate of the qth real radial velocity 
vq in the ith Monte Carlo trial. Figure 5(a) depicts the 
RMSE versus M attained by 1-D FFT, IDA and 
CMUSIC with Q equaling 3, SNR being 25 dB and vq 
being 100 m/s, 200 m/s and 300 m/s, respectively. 
Figure 5 (a) illustrates that CMUSIC has the best 
performance, especially for the small M. Furthermore, 
CMUSIC can almost always keep fine performance 
with M varying form 4 to 64 shown in Fig. 5(b), which 
is significantly different from 1-D FFT and IDA. The 
velocity resolution of CMUSIC is not sensible to M. 
Specially, CMUSIC with M being 4 approximately has 
the same performance as IDA while M is 64. Hence, 
the beam dwell time of transmitting antenna is reduced 
largely. This reduction is effective to restrain the range 
motion of target moving along range dimension. 
 
Fig. 5 RMSE versus M for vq being 100 m/s, 200 m/s and 
300 m/s respectively and SNR being 25 dB via 100 
Monte Carlo trials.  
Figure 6 demonstrates the RMSE versus SNR acqui- 
red by IDA and CMUSIC with Q equaling 3, M being 
64 and vq being 100 m/s, 200 m/s and 300 m/s, respect- 
tively. The figure indicates that CMUSIC outperforms 
IDA with varying SNR. By combining Fig. 5 with 
Fig. 6, we can conclude that CMUSIC not only has fine  
 
Fig. 6 Comparison of RMSE versus SNR between IDA and 
CMUSIC with targets moving at 100 m/s, 200 m/s 
and 300 m/s and M being 64 through 100 Monte 
Carlo trials. 
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performance at low SNR level, but also can obtain 
high-resolution radial velocity estimates with small M, 
which is beneficial to synthesizing UWB HRRP using 
the SFPTs signal. 
5. Conclusions 
1) The range-Doppler coupling and Doppler disper- 
sion are compensated with the estimated velocity to 
yield a synthetic HRRP via FFT processing along 
subbands.  
2) Compared with 1-D FFT and IDA, CMUSIC not 
only has good performance in low SNR level, but also 
is capable of having excellent performance with small 
M as long as the case M>Q is met, which reduces the 
beam dwell time of transmitting antenna. 
3) After ambiguous resolving of radial velocity, this 
method can also be applied to moving targets with high 
radial velocities, which is momentous with the increa- 
sing development in national defence technology. 
Simulation results validate the effectiveness of the 
method. 
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